ABSTRACT This paper presents a 3D band-absorptive frequency selective rasorber (FSR). Such an FSR is absorptive within a specific band and almost transparent below the absorption band. The definition and evaluation of the band-absorptive FSR is initially provided and followed by the design concept of 3D FSR. An example is then proposed, whose unit cell is composed of 3D absorber and 3D band-stop FSS. An equivalent circuit model is established for understanding its operating principle. A prototype of the proposed 3D band-absorptive FSR is fabricated. The measured results show that it has an absorption band (|S 11 | ≤ −10 dB and |S 21 | ≤ −10 dB) from 4.21 to 6.51 GHz, with a thickness of 0.17 wavelength at 4.21 GHz. Moreover, |S 21 | is higher than −1 dB at the frequencies below 1.28 GHz. The proposed bandabsorptive FSR can be used as radomes for low-frequency antennas in military communications or spectrum monitoring systems.
INDEX TERMS Frequency selective rasorber (FSR), absorptive frequency selective structure, bandabsorptive.
I. INTRODUCTIONN
Modern military platforms (aircrafts, ships, etc.) are receiving increasing attention for their stealthy performance. As a significant scattering source contributing to the overall radar cross section (RCS), antenna's RCS reduction is vital for a low-observable military platform. Among a variety of methods, utilizing frequency selective rasorbers (FSRs) [1] as stealthy radome is expected to have superior performance over conventionally used frequency selective surfaces/ structures (FSSs) [2] . An FSR should have a transmission window of low insertion loss (similar to a band-pass FSS), while it absorbs the out-of-band incident waves instead of reflecting them. Therefore, both monostatic and bistatic out-of-band RCS can be reduced.
An FSR can be seen as a combination of absorber and FSS. It is also termed as absorptive frequency selective structures (AFSS). The initial conceptual design, which is realized by cascading a lossy layer above a lossless two-dimensional (2-D) band-pass FSS layer, was introduced in an early patent [3] . A number of 2D designs were reported in the subsequent publications [4] - [16] . Three-dimensional (3D) FSSs were also applied in the design of FSRs. By constructing absorption and transmission paths separately through lossless and lossy resonators in 3-D unit cells, several 3D FSRs were developed in [17] - [22] . Although the implementation of 3D structures is more complicated, 3D FSRs can easily achieve superior performance such as high selectivity (sharp rolloff of the pass-band) and stable filtering response under the oblique incidence.
The above mentioned FSRs have the following two features: one pass-band with limited bandwidth (usually less than 50% with |S 21 | ≥ −3 dB), and one or two absorption bands located at the lower or upper sides of the pass-band. Therefore, these FSRs are suitable for radomes of some radar antennas, whose operating bands are close or within the threatening bands of the incident EM waves, and their bandwidths are usually not very wide. However, there are a number of other applications like military communications and spectrum monitoring systems, whose antennas operate at frequencies below the typical threatening bands of the radar FIGURE 1. Sketch of a spectrum monitoring system. systems, with bandwidths of several octaves. For example, a spectrum monitoring system covers 30 MHz to 1350 MHz, where several antennas or antenna arrays operating at different frequency bands are integrated around a mast, as seen in Fig. 1 . It is obvious that the reported FSRs with a pass-band and one or two absorption bands are not suitable candidates for the stealthy radomes of these systems, because it is not possible to design a pass-band with an ultra-wide bandwidth at such low frequencies. Actually, such a stealthy radome can be realized by modifying the band-stop FSS by replacing its reflection band to an absorption band. Specifically, it has one or more absorption bands at the typical frequency bands of radars (e.g., C band or X band), and be almost transparent to the incident EM waves below the absorption bands. To be distinguished from the above mentioned FSRs in [4] - [22] , FSRs that exhibit such characteristics are named as bandabsorptive FSRs in this paper, while FSRs in [4] - [22] are named as band-pass FSRs.
Two previous designs with band-absorptive performance can be found in [23] and [24] , which were designed to absorb 5.8 GHz wireless local area network signals and pass 900/1800/1900 MHz mobile-band signals. However, their absorption bandwidths (16% and 25.6%) are too narrow for radome applications. Some commercial absorbers without backing metallic surfaces [25] , like polyurethane foam absorbers, exhibit similar performance as the band-absorptive FSR, even with an extremely wide absorption bandwidth. However, with the decrease of frequency, their transmission coefficients increase gradually, and a clear and sharp transition from absorption to transmission is not possible, at least for the current commercial absorbers.
In this paper, the definition and evaluation of the bandabsorptive FSR is given for the first time. An FSR family can then be categorized into two types: band-pass and band-absorptive, similar to the classification of band-pass and band-stop FSSs. The concept and design of a 3D bandabsorptive FSR is then proposed, whose unit-cell consists of two separate modes: absorption and transmission, which are realized by a 3D absorber and 3-D band-stop FSS, respectively. An equivalent circuit model is established and the operating principle is fully investigated. Its design guideline is also given. A prototype is then fabricated to verify the design, which exhibits an absorption bandwidth of 43%. Moreover, due to its small unit-cell size, stable filtering and absorption performance can be observed for the incident angle up to 30 • in the x-z plane and 45 • in the y-z plane. Fig. 2 illustrates the reflection and transmission coefficients (|S 11 | and |S 21 |) of an ideal band-pass FSS, band-pass FSR, band-stop FSS, and band-absorptive FSR. It can be clearly seen that the previously reported band-pass FSR can be seen as a counterpart of a band-pass FSS, i.e., the reflection bands of the FSS are replaced by the absorption bands of FSR. Similarly, a band-absorptive FSR proposed in this paper can be seen as a counterpart of a band-stop FSS. It is realized by replacing the reflection band of a band-stop FSS by an absorption band.
II. CONCEPT
The performance of a band-absorptive FSR can be evaluated by two factors: (i) the bandwidth of the absorption band, with both transmission and reflection coefficients less than −10 dB (|S 11 | ≤ −10 dB and |S 21 | ≤ −10 dB); (ii) the steepness of the transition from absorption to transmission, which can be evaluated as
where f a represents the starting frequency of the absorption band, and f p represents the cut-off frequency of the transmission band. It is noted that f p is defined as the highest frequency for the transmission coefficient higher than a specific value, e.g., −1 dB (|S 21 | ≥ −1 dB). It is well understood that an ideal band-absorptive FSR has FR ap value close to 1, which means the absorption quickly transforms to transmission as the frequency decreases. Therefore, it can be used as a radome for an antenna whose highest frequency of the operating band is close to the absorption band of the FSR. After describing the definition and evaluation of a bandabsorptive FSR, a conceptual 3D design is depicted in Fig. 3 , which is composed of a 2-D periodic array of inner unit cells (5×5 unit cells are plotted in Fig. 3 ). Each unit cell is a two-mode cavity: one absorption mode and one transmission mode. The two modes are excited by the incident EM waves. To realize the above-mentioned band-absorptive characteristic, a possible solution of the two-mode cavity, as seen in Fig. 3 , is a combination of a 3D absorber and 3D band-stop FSS, which are corresponding to the absorption and transmission paths, respectively.
To illustrate the feasibility of the proposed combination of the two-mode cavity in Fig. 3 , we plot generalized circuit models and reflection/transmission coefficients of an ideal 3D absorber, 3D band-stop FSS and 3D band-absorptive FSR in Fig. 4 . The key for the proposed band-absorptive FSR design is that the absorption band of the absorber and the reflection band of the band-stop FSS must overlap. In this case, the incident EM waves that cannot go through the bandstop FSS are absorbed by the absorber. Therefore, an absorption band of the band-absorptive FSR is obtained, with almost the same performance as the absorber. At frequencies below the absorption band, the absorber can hardly absorb the incident EM waves, thus most of them transmit through the bandstop FSS, which is naturally transparent. Hence, the proposed FSR has low-pass characteristic similar to the band-stop FSS.
We can further understand the operating principle of the band-absorptive FSR through some simple calculations of the impedance matrix. At f a within the absorption band of the band-absorptive FSR, the ideal 3D band-stop FSS acts as a quasi-PEC block, and the incident EM waves cannot pass through it (|S 21 | = 0). Therefore, its impedance matrix is
As seen in Fig. 4 (c), the two sub-networks are connected in series. Hence, the impedance matrix of the band-absorptive FSR can be written as follows:
which indicates that the band-absorptive FSR acts as the ideal absorber at f a . Since all the incident EM waves are absorbed by the ideal absorber (|S 11 | = 0 and |S 21 | = 0), it can be readily concluded that both reflection and transmission coefficients are zero at f a for the band-absorptive FSR (|S 11 | = 0 and |S 21 | = 0). At a lower frequency f p , the ideal absorber acts as a quasi-PEC block, so its impedance matrix is
Therefore, the impedance matrix of the band-absorptive FSR at f p can be written as follows:
III. DESCRIPTION OF THE PROPOSED 3D BAND-ABSORPTIVE FSR
Fig . 5 depicts the geometrical details of one unit-cell of the proposed 3D band-absorptive FSR. It is seen that each unitcell consists of a 3D wideband absorber and a 3D band-stop FSS. The periods along the x-and y-directions are denoted by W and H , respectively. The 3D absorber is basically a shielded microstrip line which supports two quasi-TEM modes (air mode and substrate mode). When the incident EM waves along −z direction (normal incidence) strike the front surface of the absorber, they are coupled into the two transmission lines and finally absorber by the two resistors (R a and R s ). An interdigital capacitor printed on the front substrate (substrate A 2 ) is used in series with the resistor R a , instead of a chip capacitor in [26] , which facilitates the fabrication and reduces the cost. The interdigital capacitor and chip resistor R a are connected to the horizontal microstrip line and the 2522 VOLUME 7, 2019 The unit cell of the band-stop FSS is a stacked structure of two parallel-plate waveguides (PPWs): one is filled with air and the other with substrate B, whose relative permittivity is 10.2 and thickness is 4 mm. The two PPWs can be seen as two transmission lines (TLs) in series, with different characteristic impedance and electric lengths. With proper parameters, two transmission poles can be achieved leading to a wide reflection band.
IV. OPERATING PRINCIPLE
An equivalent circuit model of the proposed band-absorptive FSR is established to help understand the operating principle, as seen in Fig. 6 . This model can be divided into two series sub-networks, which represent the 3D absorber and bandstop FSS, respectively. For the absorber, the two transmission lines (Z a1 , θ a1 ) and (Z a2 , θ a2 ) represent the air and substrate microstrip lines, respectively, each of which corresponds to one quasi-TEM mode. Their characteristic impedances and electric lengths are extracted from the Eigen-mode Solver of CST [27] . The series RLC circuit (R a , L a and C a ) that connects the front end of the air TL represents the resistor, interdigital capacitor, and the strip on the front substrate. 
Another resistor (R s ) at the end of the TLs is shared by both air and substrate TLs. It is seen that the substrate mode is absorbed by R s while the air mode is absorbed by both R s and R a . Moreover, C a can also be tuned to ensure a good impedance match. Therefore, most of the incident waves are expected to couple into the air-mode TL. To realize this, the height of the air microstrip line (h a -h as ) is chosen to be much higher than that of the substrate microstrip line (h as ).
For the band-stop FSS, the circuit is simply a combination of two transmission lines in series, which represent the two PPWs filled with air and substrate B. It is noted that the air transmission line is with two sections. The short section (Z b2 , θ b2 ) represents the end part of the PPW with height of (Hh bs ) and length of (L-L a ). Their characteristic impedances and electric lengths can be calculated by
where η 0 = 377 , c 0 is the speed of light in free-space and f is the operating frequency. The reflection band of the band-stop FSS can be determined by the first two transmission zeros, which can be calculated by
It is noted that (8) Design System (ADS) and simulated using High Frequency Structure Simulator (HFSS). A good agreement of these results can be observed. It is seen from the simulated results in Fig. 6 that the proposed band-absorptive FSR has an absorption band (|S 11 | ≤ −10 dB and |S 21 | ≤ −10 dB) from 4.38 GHz (f a ) to 7.05 GHz, corresponding to a 46.7% fractional bandwidth at the center frequency of 5.715 GHz. Below the absorption band, |S 21 | gradually increases as the frequency decreases. It is seen that |S 21 | is above −1 dB when the frequency is below 1.47 GHz (f p ). Therefore FR ap = 3.0 can be readily calculated using (1). It is obvious that decreasing FR ap is an important issue of our future work. It is also worth mentioning that |S 21 | increases to −0.5 dB at 1.02 GHz and −0.1 dB at 415 MHz, which indicate very low insertion loss at low frequencies.
In order to demonstrate which factors affect FR ap , we plot the transmission rate (|S 21 | 2 ), reflection rate (|S 11 | 2 ), and absorption rate (1 − |S 11 | 2 -|S 21 | 2 ) in Fig. 8 . It is clear that in the absorption band, both the reflection and transmission rates are small, while the absorption rate is around 90%. When the frequency decreases from f T 0 (transmission-zero frequency) to f R0 (reflection-zero frequency), the absorption rate drops off while the transmission rate increases severely. Below f R0 , it is seen that the absorption rate slightly arises, and then goes down continuously with the decrease of frequency. However, the reflection rate rises up to 32% as the frequency decreases from f R0 to f RH (the highest-reflection frequency below f R0 ), and then moves downward as the frequency decreases from f RH . It is clear to see that the reflection rate is higher than the absorption rate below the frequency of f RAE , which means the reflection contributes more to the insertion loss than the absorption. For example, at 1 GHz, the absorption rate is only 0.37%, which can be neglected.
In Fig. 9 , we plot the transmission and reflection coefficients of the proposed band-absorptive FSR and the bandstop FSS which is one part of it, in order to illustrate the relationship between them. It is noted that the simulation model of the band-stop FSS is realized by simply replacing the absorber with a PEC block in the band-absorptive FSR, as seen in the inset of Fig. 9 . It is seen that at low frequencies (below the absorption band of the band-absorptive FSR), both |S 11 | and |S 21 | of the band-absorptive FSR are very similar to those of the band-stop FSS, which verifies our analysis in Section II (see (5)). It is also seen that the two transmission poles of the band-absorptive FSR strictly match that of the band-stop FSS, which proves that the absorption band of the band-absorptive FSR is determined by the reflection band of the band-stop FSS. With the help of the absorber that absorbs the incident EM waves within the absorption band, both |S 11 | and |S 21 | of the band-absorptive FSR is lowered compared with the band-stop FSS, as seen in Fig. 9 .
As we have mentioned, the reflection contributes more to the insertion loss at low frequencies of the band-absorptive FSR, compared with the absorption. Fig. 9 further illustrates that the reflection is relevant to the band-stop FSS. It is noted that the high reflection rate below the reflection-zero frequency is common for the broadband band-stop FSS. If the reflection band is narrower, the reflection rate can be lower, thus the insertion loss of the band-absorptive FSR can be smaller, leading to a smaller FR ap value. It is a tradeoff between the FR ap value and the bandwidth of the absorption band, at least for the proposed design. Future work will focus on both the expansion of the absorption band and the reduction of FR ap value.
After understanding the operating principle of the proposed band-absorptive FSR, a design guideline can be formulated as follows.
(1) As mentioned earlier, the absorption band of the FSR approximately overlaps with the reflection band of the bandstop FSS. Therefore, the physical dimensions of the 3D bandstop FSS should be chosen to ensure a certain reflection band. Due to the bandwidth requirements, two transmission zeros are needed. Hence, a higher relative permittivity of substrate B, e.g., 10.2, is preferred. The height ratio h bs /h b can be initially set to 0.5. An initial thickness L can be chosen to obtain the desired two transmission zeros according to (8) . (2) The center frequency of the 3D absorber (f ca ) is approximately around f ca = c (2L a + H a ). A lower relative permittivity of substrate A 1 is preferred. The height ratio h as /h a can be initially set to 1/8.
(3) Simulations of the 3D absorber and the band-stop FSS can be conducted separately based on the initial parameters. A small adjustment of these parameters can be made to roughly obtain the absorption band of the absorber and the reflection band of the band-stop FSS.
(4) A final simulation of the proposed FSR combining the band-stop FSS and absorber is conducted. The structure parameter may be fine-tuned for optimum performance.
V. EXPERIMENTAL VERIFICATION
A prototype of the proposed band-absorptive FSR is fabricated and measured in order to verify our design. The prototype consists of 12 unit cells along the x-direction, with a size of 180 mm×16.8 mm×12 mm, as seen in Fig. 10 (a) . Rogers RT5880 and RT6010 are used for substrate A and B, respectively. The resistors used are Vishay CH0402-250RGFPT. The air separation between substrates A 1 and B is supported by three Teflon rods with diameters of 4 mm.
A parallel-plate waveguide setup is used for our measurement, as seen in Fig. 10 (b) , whose details were described in [28] . It is mentioned that its upper plate is removed in the figure for a better view. The height of the PPW (16.8 mm) is equal to the height of the fabricated prototype, which allows a dominant TEM mode travelling inside the PPW. To avoid reflections from the four edges of the PPW, they are covered with commercial polyurethane foam absorber. Two cones are located at the ends of the PPW in order to achieve a good transition from the coaxial line to the PPW. Fig. 10 (c) shows the comparison of simulated and measured transmission and reflection coefficients under the normal incidence, which exhibits a relatively good agreement.
The measured |S 11 | shows a higher value than the simulated FIGURE 10. (a) Fabricated prototype of the proposed band-absorptive FSR, (b) the prototype in a PPW measurement set-up, and (c) measured and simulated S-parameters of the prototype under the normal incidence. one above 5.2 GHz and a frequency shift is also observed, which leads to a slightly narrower absorption bandwidth compared to the simulated results. The difference may be due to the assembly error of the prototype, the parasitic effects of the lumped resistors, and the measurement error from the PPW setup (the foam absorbers are not perfect to prevent the reflected waves). The measured absorption band (|S 11 | ≤ −10 dB and |S 21 | ≤ −10 dB) is from 4.21 GHz (f a ) to 6.51 GHz, corresponding to a 43% fractional bandwidth (FBW) at the center frequency of 5.36 GHz, which is a little narrower and lower than the simulated bandwidth (46.7%, 5.715 GHz). Moreover, the thickness of the proposed bandabsorptive FSR is 0.17λ a , where λ a is the free-space wavelength at f a (the starting frequency of the absorption band).
At lower frequencies, |S 21 | gradually increases as the frequency decreases, the cut-off frequency for |S 21 | = −1 dB is 1.28 GHz (f p ), which is also a little lower than the simulated one. The frequency ratio FR ap for the measured VOLUME 7, 2019 result is then calculated to be 3.3, which is a little bit larger than the simulated one (3.0). It is noted that the lowest operating frequency of the parallel-plate waveguide setup is 1 GHz, which limits our lowest measured frequency at 1 GHz.
The simulated transmission and reflection coefficients under the oblique incidence scanned in the x-z and y-z planes are plotted in Figs. 11 (a) and (b) , respectively, which exhibit stable frequency responses (especially in the y-z plane). Specifically, when the incident angle in the y-z plane increases, the absorption band expands, and the reflection level at low frequencies reduces, which results in a lower transmission loss. It is seen in Fig. 11 (b) that for θ = 45 • , the FBW of the absorption band is 58.0%, and FR ap = 1.76, indicating a much better performance compared with that under the normal incidence (θ = 0 • ). It is worth noting that the stability under the oblique incidence in the y-z plane is better than that in the x-z plane, as seen in Fig. 11 . This is well understood because for each PPW section, the height (h bs , etc.) along the y-direction is much smaller than the width in the x-direction (W ). It is noted that only the measurement under the normal incidence can be implemented using the measurement setup in Fig. 10(b) , therefore simulated performances under the oblique incidence are provided.
Finally, comparisons are made with the 2-D bandabsorptive FSR in [23] and [24] . Although the proposed 3-D structure has a little bit largerFR ap value than that in [23] , it has a smaller unit-cell size than that of both designs in [18] and [24] , which results in superior performance under the oblique incidence. Moreover, the proposed 3D design exhibits much wider absorption bandwidth, which is 2.7 times of that in [23] and 1.8 times of that in [24] .
VI. CONCLUSION
This paper has presented a 3D band-absorptive FSR. The design concept has been introduced, the geometry of its implementation has been described, and its operating principle has been explained along with simulated and measured results. The unit cell of the proposed design, which is a combination of a 3D absorber and a 3D band-stop FSS, exhibits an absorption band at high frequencies and is almost transparent at low frequencies. The measured absorption band (|S 11 | ≤ −10 dB and |S 21 | ≤ −10 dB) is from 4.21 GHz to 6.51 GHz, while |S 21 | is higher than −1 dB at the frequencies below 1.28 GHz. The proposed design also exhibits stable angular response under the oblique incidence. The proposed band-absorptive FSR has potential applications in low-RCS radomes for low-frequency antennas. Further improvements include expansion of the absorption band, reduction of FR ap value, and curved structures for practical radomes. Associate, where he was involved in developing low profile antennas for UAV applications. He has authored or co-authored over 80 technical papers in refereed journals and conferences, and he holds 16 patents. His current research interests include RF, microwave and mm-wave passive devices, antennas, and frequency selective surfaces. 
